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CONTINUATION OF WING FLUTTER INVESTIGATION IN
THE TRANSONIC RANGE AND PRESENTATION OF A
LIMITED SUMMARY OF FLUTTER DATA

By Willlam T. Iauten, Jr., and J. G. Barmby
SUMMARY

As a continuation of the program for flutter investigatlion 1n the
transonlc speed range two more freely falling bodies have been dropped
and the results are reported herein. The two wings atbtached to the FB-5,
vwhich were designsd to investigate the low supersonic region, remeined
intact up to M = 0.86 at which time the telemeter system became
inoperative. One of the two wings attached to the FB-6 fluttered at a
Mach number of 1.17 in a first-bending torsion mode. A comparison of
the experimental flutter speed with the subsonic .flutter theory for
two-dimensional, incompressible flow shows the theory to be conservative
and & comparison wlth linearized, two-dimensional supersonic flutter
theory shows that it 1s also conservative.

Opportunity is also taken in this paper to present a limited summary
of subsonic and supersonic date which indicetes that, for an asirplane
traveling in & medium of essentially constent temperature and density,
the region around M = 0.9 is the critical flutter region.

INTRODUCTION

Freely falling bodies have proved to be & satisfactory means of
obtaining transonic flutter data. The method 1s reported in reference 1l
and this paper 1s a continuation of the test program. Two more of .
these freely falling bodies, called flutter bombs, each carrying two
unswept wings of semispan aspect ratio 3, were dropped from an altitude
of approximately 35,000 feet. Employing a notation consistent with
the earlier papers these two flutter bombs are designated here as the

. FB-5 and FB-6.

The two wings atbtached to the FB-5 were designed on the basis of
T previous experience to obtain flubter data at low supersonlc sp::neds.
- - 88
Since in earlier drops the wié’sggg:ggiﬁiere of 9-percent thickne
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1t was declded to make one wing, in this case wing 5001, a thin, h-percent- _ .
thick section (NACA 65(09)A001L) to note possible thickness effects. The

other wing (5002, NACA 65A009) was designed with the center of gravity

near the guarter-chord pesition in an attempt to avoid the coupled bending- _
torsion type of flutter amd yield, if possible, a single degree of freedom —
or torsional flutter. Both wings had torsiona.l stiffnesses comparable
with the previous flutter-bomb wings. E _ S T

The two identicel FB-6 wings had NACA 658009 sections. The wings
were instrumented to indicate the fluttér-mode shape. A high altitude for
bomb release was chosen in an effort to get the wings through the high :
subsonlic speed renge at & low enough density to prevent flutter. The wings
were of construction and properties similar 'bo wing 2001 of reference 2.
which was dropped from a lower altltude.

The primary purpose of this paper is to Iiresent the reeults obtalned

from the drop tests of these two flutter bombs. Opportunity is also taken
to present a limited summary of subsonic end supersonic flutter data.

SYMBOLS . _ . e L

c wing chord, inches . : . _ B ‘,_
T length of wing, inches : e =
X, distance of elastic axls behind. leading eodge, percent chord. a
x, distance of center of gravity 'behina. leading ed.ge, percent chord _:
M Mach ﬁmber : o - S _“_'
M., theoretical Mach number at which sonic velocity is first a.'bta.inerl
over sectlon of wing at zero 1li1ft :
¢ phase angle, wing torsional strain lead.ing wing 'bend.ing strain, -
degrees (reference 3) | T
Ag agpect ratio of one wing panel (:?./c) -
b semichord of test wing, feet _ )
a nondimensional elastic~-axls position, (% l .

a + Xq nondimensional center-of-gravity position, <3._0?). - J)

n

.|Ii i
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alr denslty, slugs per cubic foot

ratlo of mass of cylinder of testlng medium of diameter equal
to chord of wing to mass of wing, both taken for an equal

length of span.(ﬁ%?_>.
mass of wing per unlt length

I
nondimensional radius of gyration about elastic axis (-%)
mb

polar moment of inertias about elastic axis (reference 3)
first bending natural frequency, cycles per second
second bendirg natural frequency, cycles per second
first torsion natural frequency, cycles per second

uncoupled first torsion frequency relative to elastic axis,
cycles per second

structural demping coefficient in bending (reference 3)
structural damping coefficient in torsion (reference 3)
torsional rigidity, pound-inches?

bending rigidity, pound'-inches2 e
torsional frequency, radians -per second (?nf%)

time after release of missile from airplane, seconds
geometric altitude (distance above sea level), feet
statlic pressure, pounds per square foot

free-air temperature, OF absolute

dynamic pressure, pounds per square foot

veloclity, feet per seconmd

velocity, miles per hour

experimental flutter velocity, miles per hour
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¥V reference wing flutter velocity, based on theory of reference 3

R for a two-dimensional unswept wing In an incompressible
medium employing first bending fregquency and uncoupled torsion
frequency, miles per hour

Vb reference wing divergence sﬁeed, based on theory of refersence 3
for a two-dimensional wing in an incompressible medium
employing uncoupled torsion frequency, miles per hour

fe experimental wing flutter frequency, cycles per second

#R reference wing flutter frequency, dycles per second (enalysis
gimilar to that used in determining VR)

APPARATUS AND METHODS .

Models

Photographs and drawings of the complete FB-5 and FB-6 are shown
in figures 1 and 2. The thin 5001 wing was made of solld dural with chord-~
wlse leadlng-edge and tralling-edge slits which were cut for the purpose
of weakening the wing. These slits were covered with Scotch cellulose
tape to preserve the airfoil shape. The other wings were of balsa with
dural inserts. The wing parameters are listed in table I.

Instrumentatlon

Bach of the four wings was equipped with strain gagés and a break
wire. The gages were mounted near the root to record both torsional and
bending stresses on all wings except wing 6002, which was squipped with
torsion gages only. Wing 600L had, in addition to the root gages, a
second set of bending gages mounted near the position of the second-
bending node. A longitudinal and & vertical accelercmeter were mounted
at approximately the center-of-gravity posltion of the bomb., Signals
from the strain gages, accelerocmeters, and break wires were transmitted
over six telemeter channels simultaneously to two receiving stations.
Telemeter date, time of release, and altitude and speed of the airplane
were reocorded or determined as reported in reference 2.

Messurements

In addition to telemeter data, measurements similer to those reported
in reference 1 were teaken of ground parameters and of atmospheric and
flight conditions.

il
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Reductlion of Data

The reduction of principal data is similar to that reported in
reference 1. Flubtter was indicated when the signal from the straln gages
increased rapidly in amplitude and also by the fact that, on those records
which had signals from both bending and torsion gages, the oscillatlons
were of the same frequency. Associated conditions were determined from
the time-history curves. The phass angles between the bending and
twisting of the wings were dstermined from the telemetered strain records
in accordance with the sign convention for bending and twisting of
reference 3. For deflinlteness, these angles are recorded in this paper
ag torslon strain leading bending straln.

RESULTS AND DISCUSSION

The time histories of the falls of the two flutter bombs ars shown
in figures 3 and 4. In these figures the variation of the bamb altitude,
velocity, and Mach number with time are plobted together with the free-
alr static pressure and temperature corresponding to the geometric
altitude of the bomb.

The sigpals transmitted from the ¥FB~5 were extremely erratic; however,
it appears that both wings remasined on the bomb without flutter up to a
Maech number of 0.86, at which time the telemeter ceased to function completely
and no further informstion was obtalned. The conditions at time of telemeter
failure are listed in table II.

In the test of the FB-6 flutter was obtained on ons wing. The other
wlng remained on the bomb for the duration of the fall. The date at flutter
and at impact are listed in detell 1n table II. TFlutter started at
M=1.17 and the telemster record indicated that it weas a bending-torsion

type.

It is noted that wings 6001 and 6002 were designed with perameters
similar to those of wing 2001 (reference 2) as evidenced by the fact
thet the reference flutter speed of wing 6001 was 485 miles per hour and
that of wing 2001 was 474 miles per hour, both based on standard air density.
As glven 1n reference 2 wing 2001 (flutter bomb FZB—Q) which was dropped.
from 20,000 feet, fluttersd at a Mach number of O. 8ll-~ whereas, in the
present cage, the FB-6 was dropped from 35,000 feet a.nd. wing 6001 fluttered
at Mach mumber of 1.17. Clearly, because Of the difference in the 1nitial
conditions, wing 6001 passed through the M = 0.8% range at such a low
density that the dynamic pressure was not sufficlent to produce flutter.

A comparison of the experimentel flutter speed Ve and the reference
flutter speed VR based on the incompressible theory of reference 3 shows
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that the ratio VQ = 1.86. This result is in accord with similsr results
R

obtained from flutter tests at well-developed supersonic speeds M= 1.3)

reported in reference 4. In the experiments of this reference, the values

of the ratlo Vé/Vg were between 1.5 and 2.1, with one polnt at 2. 58.

It should be clearly understood that the two-dimensional incompressible theory

of reference 3 is not expected to agree with three-dimensional compressible o

experiments. It 1s used as a convernilent standerd by which wings of different . _

parameters may be compared and is especially valuable for this purpose in the .. . _.

mixed-flow.region where none of the exisbting theories hold. It is also . o

valuable to designers of transonic wings in that 1t gives them an easily ' |

calculated value which they may use as a criterion on which to base designs:

Figure 5 shows the experimental flutter point superposed on a plot
of numerical velues, based on parameters of wing 6001 at time of flutter,
obtained from the two-dimensional subsonic theory of references 3 and 5
and the linearized, two-dimensional supersonic theory of reference 6.

The theoretical curves are calculated employing first bending, first
torslon, and zero demping. It may be seen that the supersonic theory
gives only a slightly higher value for the flutter-speed coefficient - . .m
than the subsonic theory at the lower supersonic Mach numbers (M < 1.25), '
but for higher Mach numbers the theoretical flutter-speed coefficient LT
increases rapidly and for wing 6001 approaches infinity at M = 1.k3. -
As pointed out in reference h, the preliminary tes'ts in.more well-developed . qi
gupersonlc flow at M = 1.3 compare satisfactorily with the supersonic LT T
theory. However, at low supersonic speeds with,round-nose airfoils,

similer to those on the FB- 6, the flow 1s probably mixed subsonic and B
supersonic so that the two-dimensional supersonic theory camnot be expected
to apply. In addition, aspect-ratio effects maey account Tor some of the
discrepancy between experiment and theory. The’ single test point at .
at M= 1.17 ylelds a value of Yo . 1. 67 ) - T o D

It 1s thought to be appropriate to include in this paper a limited
emount of flutter date obtainsd over a range of Mach numbers on wings
gimilar to wing 6001. These include some wipublished results from the
Langley flutter tunnel, previous bomb drops (refersnce 2), the Langley"
supersonic flutter apparatus (reference 4), and rocket flights (reference 7).
Some of these data aresshown in figure 6. 'The test points presented I s
are flutter points from wings which had approximately the same major
parameters. All wings were unswept, had semlspan aspect ratios ranging .
from 2 to 3.5,. center-of-gravity locations between 43.7 and 49.6 percent Co=
chord, elastic axes betwsosen 30 and 50 percent chord and wing-density
parameters lﬁc of 30 to 60. The data therefore represent a composite . x
Picture of & variety of airfolls tested under conditions which differ
widely. The two-dimensional, incompressible theory of reference 3 is used
for convenlence as a basis of the comparison, particularly since there . :
1s no basic theory for predicting flutter speed in the mixed-flow or — e T
transonic speed range. The refere or Velocity Yh was determined

Sl
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for each wing and the ratio V,/ is plotted against Mach number In
figure 6. The plot shows that in the subsonlc range there 1s only a small
difference between the experimental and theoretical values. This difference
is of the order expected because of aspect-ratio and ccampressibility
effects. Above M = 0.9 and on up to the limit of the experiments, the
incompressible reference velocity 1s conservative by lncreasingly larger
amounts.

The Plutter bshavior in the region of Mach numbers around unity is
determined by the flight history of the vehicle. This may be explained
as folluws: IFf & wing i1s subjected to an increase in veloclty 1n a
medium of essentially constant temperature and density, such as that
encountered by & low-altitude rocket, the plot of V/Vp agalinst Mach

number is essentlally a straight line which passes through the origin.

Now let it be assumed that a wing attached to a rocket vehlcle has such
characteristics that the aforementioned line representing 1ts flight path
is tangent to the experimental flutter curve as shown in figure 6. It

may be seen that the point of tangency of this line wlth the experimental
flutter curve 1s approximately M = 0.9 and thus the critical flutter
region may be defined as the region arowund M = 0.9. Similar considerations
are made in connectlon with figure 17 of reference 6. If the vertical
distance between the line representing the flight path and the experimental
flutter curve is considered to correspond to a margin of safety, it may

be seen that, with reference to the point of tangency, the margin of safety
increases as the Mach number increases or decreases. If the reference
flutter velocity is increased by maeking the wing slightly stiffer in
torsion the slops of the line representing the flight path 1s decreased,
the line is no longer tangent to the flutter curve, and flutter will be
prevented. For this particular type of flutter curve the approximate-
straight-line path of the rocket implies that the flutter condition

would be first reached at Mach numbers lower than those of the critical
fiutter region.

On the other hand, as shown in figure 6, the corresponding flight
history of the bomb drop is a curved line. For this type of curve there
exists the possibility of obtalning flutter above the critical region.

In the case of the FB-6, it may be seen that the critical regiom for the
rockets 1s avoided because the flight history of the bombd is changed

by the fact that 1t commences its flight in a medium of low density and
the reference flutter velocity ils cohstently decreasing as the bomb nears
the ground. The flutter region for the bomb may also be moved to a higher
Mech number renge by meking the wing stiffer, as in the case of the rocket.

It should be emphesized thet the experimental flutter curve in
figure 6 is teken from a series of wings whose center-of-gravity positions
are approximately 45 percent chord and whose semlspan aspect ratlos are
approximately 3. This experimental flutter curve therefore is a particular
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curve and is not applicable to wings in gemneral, particularly in the
supersonlc range where a small chenge in the center-of-gravity position

has a large effect on the flutber speed (reference 4). It should be

further pointed out, as indicated in some unpublished work in the Langley
flutter tumnel, that as the aspect ratio is increased the margin of safety

in the subsonic region mey decrease and for high aspect ratios the ratio Ve/VR
mey be slightly less than unity at higher subsonic Mach numbers.

However, for the purpose of making preliminary estimates of & wing flutter
speed in the transonic speed range & curve similex to figure 6, used

in conjunction with the two-dimensional subsonlc theory of reference 3,

is of practical value. T

CONCLUDING REMARKS

The two wings attached to the FB-5, which were designed to investigate
the low supersonic region, remained intact on the bomb up to a Mach number
of 0.86, at which point the telemeter system became lnoperative. One
of the two wings attached to the FB-6 fluttered at & Mach number of 1.17
in & low-bending torsion mode. The experimentel flutter speed exceeds the
incompressible-flow reference flutter speed of NACA Rep. No. 685 by 87 percent,
which 1s in accord with the tests in the supersonic flutter apparatus

at M = 1.3 given in NACA RM No. L8J11l. Although these tests in the well- _

developed supersonic flow at M = 1.3 compare favorably with the supersonic
theory of NACA Rep. No. 846, the experimental flutter speed of this flutter-
bomb test at & transonic Mach number of 1.17 exceeds the speed based on the
linearized, two-dimensional theory by 67 porceiit.

Opportunity is taken herein to present a limited summery of subsonic
and supersonic date on related wings which indicates that, for an airplane
traveling in a medium of essentially constunt temperature and demsity,
the region around M = 0.9 i1is the critical flutter regilon.

I.angley' Aeronautical Laboratory
Netional Advisory Commlttee for Aeronsutics
Langley Alr Force Base, Va.
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TABLE I
WING PARAMETERS
LY —
Feneneter 5001 5002 6601 6002
Airfoil Section | NACA 65(09)Aooh TAcA 65A009;_ NACA 65A009 | NACA 654009
Moy 0.88 0.8 0.8 0.8
c 8 8 8 8
1 23.75 2k 23.5 23.5
Ag 2.97 3 2.9% 2.9k
b 0.333 0.333 0.333 0.333
X, 46.2 2h.2 k3.75 43.8
X, - 43.7 37.5 33.5 35.2
- -0.126 =0.25 7 -0.33 ~0.296
& + X, -0.076 -0.516 . -0.125 ~0.12k4
/% (gtna) 8.3 5k 27.7 32.4
142 0.196 0.2139 0.345 0.295k
fhl. 12 17 22.h 23
fh2 73 101 134 129.5
£y 8.3 80 102 99.3
£y 88.6 6.7 95.k o
g, 0.007 0.045 0.022 | emem---
&y 0.035 0.067 0.015 0.016
GJ 95, 800 28, 000 63,500 75,500
EI 72,900 10,250 106,000

102,500
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TABLE IT

RESULTS OF DROPS

Wing
Parameter
5001 5002 6001 6002
(=) (=) (v) (c)
0.86 0.86 1.17 1.168
S IR I 880 | —eome
fg | o= | mmmee- 57.5 | -------
v 609.5 609.5 . 880 901
o 0.00107 0.00107 0.00202 0.00233
q 427.5 k27.5 782 ok5
1/ 189.7 120.1 32.6 33.1
t 25.2 25.2 45.13 49.28
h 24,800 2,800 5300 0
T 150 k50 509 534
Pg 825 825 '1760 2125
® | cemmeme | mmmmee- 310 | eem-ee-
VR 796 os 470 439
5 3%.9 | --mm--- 58.8 55.5
Vp 891 662 783 660
&Condition at time of telemeter faillure.

bPCondition at time of flutter.
CCondition at time of impact with ground.
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(b) Flutter bomb FB-6.

Figur — Concluded.

qGeglT ‘ON WY VOVN

a1







] “#\-J.m . ”
125 | copm—
—{e -
ey
tf% Break wire
—Strain gages
l F———E 4(2} L B B 12" stabilizing
<o-_\ f7/:_i J Finse
1 5 — — ‘ — - — _—
(‘)ﬁ 3 < >— T\
8 L\
1 24" 'j'_ngs
—30 56% *— 20_1 #,_ 2%5_ o
(A11 dimensions in inches) ]
n
— —
" 85— ;i n‘é- 1
Section A-A Section B-B

Figure 2.— Dimensional drawing of the FB-5 and FB-6,
T T

GSH6T TON WH WOYN

LT




18

NACA RM No. L&B25b

L2

Lo

JOquTI qovr
° 2

e L, ‘1 ‘eangvaedme;

§ R

&

24x102

Jod 4% femmsrexi opyms
-} 8

N
SN
\
N

Time after releass, i, sec

12 16 20 2 2 32 36 40 ik 48 M@

uﬁ'hﬂo—/ \ N

Yech miwb—v/
d

Figure 3.

8

s gy
\‘

4

35x10?

¥ °q ‘opI3iy

& 8

waz ‘A ‘BrooTes

history of fall of the FB-5.



o]

NACA BM No. LSB25b

1,2

JOQEMIT COWN

w « 0 ~
[] . .

o2
0

Qe I, ‘L ‘eanyessduer

¢ (=]
§ % mmevdees & 8
.W Fod "3 ‘oamesead opyuss
B A y = =+ e
~ ..._._n-nﬂH.
. m
// . qurted Tes4nrd — \ | -
A ' > W 7
\ P |

o

\ | _
\ -
P

.../ /

/w
£ E NI R
: AR NI
[z A EAEIAVAE
\.m '
H ® " P - ) i

mx ‘A ‘iqpooTes

8 g g T

L oy

36

32

20

16

40 A 4B

2 I8

Tiwe afier raleass, t, seo

19

Figure 4.— Time himtory of fall of the FB-6.



WACA RM No. L9B25b

Flutter point —}—4°
6
[ ~acd
oo
5 4
r ,
"~ /
-§ /
g A
-y B!
8 e
: Supersonic theory—/
H )
B Subsonic theory -T\\ 2
&3 - 3
B -y
] %,
3 4
2
1
~NACA —
o il _
o 2 o4 6 8 1.0 1.2 1.4 1.5

¥ach mumber

Figure 5,— Plot of flutter—speed coefficient against Mach number For

wing 600i »



NACA BM No. L9B25b 21
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